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1
I. INTRODUCTION

Combustion processes normally involve many chemical species, related by
complex kinetics and often strongly influenced by molecular transport and
fluid flow. The difficult problem of combining the chemistry and transport is
commonly made tractable by idealizing the complex kinetic network as a single
overall or "global" reaction. Such a strategy is potentially useful when the
detailed chemical steps are unknown or when the difficulty of the flow problem
necessitates simplified chemistry. Relatively little work has been done,
however, to assess the fidelity with which a global reaction can represent the
net effects of the complex reaction network. This question is addressed here
for the particular case of premixed, laminar, one-dimensional, steady-state
flames.

Previous work in this vein was reported by Levy and Weinberg,1 who
obtained temperature profiles through very lean (and very slow) ethylene-air
flames by the ray deflection method. Using a form of the energy conservation
equation, they transformed the temperature profile into a profile of the
volumetric rate of beat release through the flame front. The authors
associated this net rate of heat release with that resulting from a
hypothetical global reaction. A flame speed was then calculated from the
"measured" reaction rate profile by means of the single-reaction flame theory
of Spalding. 2 Close agreement was noted between this calculated result and
the directly measured flame speed for a (rather narrow) range of
stoichiometries and initial temperatures. Such a finding gave encouragement
to the notion that the flame propagation formalism based on a single reaction
might indeed have some utility.

In a subsequent paper Levy and Weinberg 3 probed the overall kinetics
concept directly. By examining the heat release rates at the same temperature
for a number of different flames, they determined that the effective reaction
orders (with respect to fuel and oxidizer concentrations) vary greatly through
the flame. Using the heat release profiles, they also found that the
effective activation energy typically increases with temperature through the
flame front then decreases near the maximum temperature. The conclusion was
that no single reaction (of an Arrhenius form) could account for the thermal
structure of the flame. However, they did note that the values of apparent
activation energy and total order near the maximum heat release rate were

IA. Lpvy and E.J. Weinberg, "Optical Flame Structure Studies: Some
Conclu6ions Concerning the Propagation of Flat Flames," 7th Intern. Symp.
Combustion, pp. 296-303, 1959.

2 D.B. Spalding, "I. Predicting the Laminar Flame Speed in Gases with
Temperature-Explicit Reaction Rates," Combustion and Flame, Vol. 1,
pp. 287-295, 1957. "II. One-Dimensional Laminar Flame heory for
Temperature-Explicit Reaction Rates," Combustion and Flame, Vol. 1,
pp. 296-307, 1957.

3A. Levy and E.J. Weinberg, "Optical Flame Structure Studies: Examination of
Reaction Rate Laws in Lean Ethylene-Air Flames," Combustion and Flame,
Vol. 3, pp. 229-253, 1959.
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close to those obtained at blowout in a stirred reactor experiment. This last
observation seemed to justify use of the overall reaction concept for those
phenomena strongly dependent on the maximum energy release rate.

Our objective in this paper is similar to that of Levy and Weinberg;
however, here we make use of a laminar flame model which includes multispecies
and multireaction chemical kinetics. This approach offers the advantage of
complete information about the system as well as access to a wide range ot
flames and stoichiometries. The only potential drawback lies in our uncertain
knowledge of the many reaction steps and rates for some flames. Because ouLr
aim is heuristic, this trait is not considered a serious limitation. Our
procedure is to solve the flame equations with the complex kinetics, obtain an
overall rate for the flame from the heat release profile, solve the flame
equations for this single reaction, and then make detailed comparisons between
the two solutions. This is done for a wide range of stoichiometrles of
severa' flames.

Our results suggest that a single reaction formalism does a credible job
ot representing the thermal structure (and even the reactant profiles) of
complex tlames. This conclusion is not as contradictory to the Levy and
Winberg study 3 as it may seem. Their conclusion was based on a rather
restrictive diagnosis of the heat release profile. A comparable analysis of
our results leads to similar findings, i.e., the activation energy varies
through the flame front. Our conclusion follows from the relative
insensitivity of thermal structure to the reaction rate details. This can
only be seen by actually solving the flame equations using an appropriate
overall reaction.

Westbrook and l)ryer 4 have developed a procedure for determining global
kinetics parameters from the experimental flammability limits and
stoichiometric flame speed at atmospheric conditions. A single-reaction flame
model using these parameters can be expected to predict reasonable flame
speeds over a wide range of equivalence ratios from very lean to very rich.
The procedure may prove useful to those applications in which flame speed is
of decisive importance. However, an application of interest to us is
propellant combustion where two-phase flame holder effects give importance to
temperature gradients near the flame front. Calibration of the global
parameters by flame speeds alone does not guarantee accurate temperature
profiles, but both the flame speed and temperature profile can be computed
from an accurate heat release profile. The thrust of this paper is that one
can find a global reaction which mimics the original heat release profile
sufficiently well that accurate flame speeds and temperature profiles (at
least through the flame front) can be computed from the global description.
The significance of this conclusion is not necessarily diminished by the
findi:ig that the optimum global kinetics values vary with stoichiometry. In

4C.K. Westbrook and F.L. Dryer, "Simplified Reaction Mechanisms for the
Oxridatton of Hydocabon Fuels in Flames," Comb. Sci. Tech., Vol. 27,
pp. 37-43, 1981.
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application work, generality might be achieved simply by parameterizing the
kinetics values in t rms of stoichiometry, pressure, etc., as suggested by
Dryer and Westbrook.

Our interest in the global reaction concept springs from two potential
application schemes. The first assumes that the detailed multireaction
kinetics are known, but so complex as to preclude their use in practical flow
problems. One might then determine the appropriate global parameters in a
manner similar to that used in this paper. The alternative scheme assumes
that little is known of he detailed kinetics of a flame. It is for this case
that Westbrook and I)ryer 4 developed their method of predicting flame speeds
vs. equivalence ratio from only a few selected measurements. To realize the
thermal structure as well as the flame speed, more extensive measurements are
required to calibrate the global reaction. The procedure would involve
measuring temperature profiles in the subject flame using fine thermocouples
or laser Raman techniques and Itpe9 computing heat release profiles via the
energy conservation equation. ' Determination of the global parameters
would then proceed as described in this paper. Prerequisite to either of
these two approaches is the assurance that global reactions can reproduce the
thermal structure of real flames with reasonable fidelity. This paper
provides both this assurance and a systematic procedure for determining
appropriate global reaction parameters from a heat release profile, which is
either calculated from known detailed kinetics or deduced from a measured
temperature profile.

I. DETAI[ED CHEMISTRY MODEL

In a previous paper, 8 the equations describing a one-dimensional,
laminar, premixed, steady-state flame were derived for different
approximations to the multicomponent transport coefficients. We will use th,
simplest approximation (Method V), which still gives accurate results. The
corresponding equations are the following.

Conservation of energy is expressed by

dT d dT
-cm + (-- ) - RN Lh. = 0 (l)

p o dx dx dx iii

PF.L. P ce and (.K. Westbrook, NATO AGARD Conference Proceedin,.e Vo.
pp. 74-1 to 14-17, 1979.

6R. hArdiman and F. RHukL,, "Nea u ement of Temperature Pstbziution a z
Prasure Flat Flame, " J. Chem. Phys., Vol. 22, pp. 824-830, 1954.

7J.A. Hicks, "The Low-Pressure Decomposition Flame of Ethyl Nitratc, " 8th
,ympo -ium (International) on Combustion, The Combustion Institute, 1962,

Ip. 487-496.

T.P. coffee and I.M. fkeimerZ, "Tvaneport Algorithms for Premixed, bamina'
,tcady-State Flames," Combustion and Flame, Vol. 43, pp. 273-289, 1981.
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where T is the temperature of the mixture, c is the specific heat of the
mixture, mo is the mass flux through the flake, X is the thermal conductivity
of the mixture, R1 is the rate at which species i is produced (or consumed) by
chemistry, Mi is the molecular weight of species i and hI is the specific
enthalpy of species i.

The species continuity equations are given by

dYi d dYi

o dx dx im dx i I (2)

where Yf is the mass fraction of species i, p is the density of the mixture,
and Dim is the diffusion coefficient of species i into the mixture. The
boundary conditions are

T =T andY = Yi = I, 2, ... N (3)
u f u'

atx=- addT dY i

at x= and - , 1 = 1,2 ,...N (4)

at X =

In the above equations, the effects of radiation, viscosity, and body
forces are ignored. Since the burning velocity is small compared with the
local speed of sound, the pressure is taken to be constant. Besides these
standard assumptions, we have also assumed (see Ref. 8 for discussion) that
thermal diffusion is negligibly small, 2that Fick's law holds for the diffusion
velocities, and that the quantities p Dim , pA and c are constant. The
constants are chosen a priori. i P

The equations above are for the steady state solution. The numerical
procedure actually uses the time dependent equations and a transformed space
coordinate. Starting with arbitrary profiles, the e uations are integrated in
time until the steady state solution is obtained. 1  The burning velocity,
S, of the flame is defined as the velocity of the flame relative to the fluid
at rest, i.e., at x = - w. Since in our coordinate system the flame is at

rest, S = v(- ) = m/P Uwhere Pu is the density of the unburned mixture.

The production rate functions, Ri(T), are defined by

NR 0 N VP N
I= (vi - ) fr 11 (C.) j,r - k Ii (C)j,r) (5)rr fr b I1

9 T.P. Coffee and J.M. Heimeri, "A Method for Computing the name Speed for a
Laminar, Premixed, One Dimensional Flamne,, BRL Technical Report, ARBRL-TR-
02212, January 1980 (AD A082803).

10T.P. Coffee, "A Computer Code for the Solution of the Equations Governing a
Laminar, Premixed, One-Dimensional Flame," BRL Memorandum Report, ARBRL-MR-
03165, April 1982 (AD A114041).

12



where V r and v I r are the number of molecules of species i entering Into
reaction r as product and reactant, respectively. NR is the number of
reactions, C. is the concentration of species j (pY./M.), and kfr and khr are
the forward and reverse rate coefficients, respectivly-. The rate

coefficients depend on the temperature through the generalized Arrhentus
relations

Bfr

k =A T exp(- Er/RT) (6)
tr fr fr

and

k br Abr Tnbrexp ( - Ebr/RT), (7)

where R is the gas constant, E is the activation energy and A is Lhe frequency

factor for the reaction.

The net rate of heat release per unit volume is defined by

q = - E R.M.h.. (8)1 1 1

It is through this term (Eq. 1) that the chemical kinetics influences the

temperature profile.

Ill. ONE REACTION MODEL

We will now assume a single irreversible overall reaction of the form

fuel plus oxidizer goes to product, that is,

F F+ v 0 +v p, (9)

where V F, Vo and vp are the stoichiometric coefficients. The governing Eqs.

(l) through (4) remain the same. Equation (5) can be simplified. We obtain

V V
F o

R =- VF k (C F) (C) , (10)

V V

R 0 v0 k (CF F (C 0I

and

V VF 0
R = v k (CF) (C 0 (12)

The heat release is then

V V MV MV

q = MFVFk (CF) (Co) [h + h - P h 1. (13)
F Mv ( o MFV F p

13• -- .... - - '-'~~F FF.--: ir - .. . . Z 2 -.--- .... .



We define

Q h M 0h -pj h (14)MoV MpV p
F F F F

where Q is the heat of reaction per unit mass of fuel.

From the thermodynamics 8 the relation

c (T - T ) = E h (Y - Yib) (15)

can he obtained, where Tb is the temperature of the completely burned mixture
and the Yib are the mass fractions. Fince there is only a single reaction,
however, any change in the fuel must be matched by a change in the oxidizer
and product; that is,

M v

Y Y -L) - ( Y - Y01 ob MFV 0 X Fh) (I)

and
MV

Y Y p (Y -Y (17)
pti pb MFV F pu ph

Substituting into (15) and solving for Q,

Q = cp (T - T ) / Y t 
- Yb) .(18)

The reaction rate k is expressed as an unmodified Arrhenius rate

k = A exp (-E/RT). (19)r

For convenience, the constants in Eq. (13) will be absorbed into a new
constant A, giving

v V
q Q (P y F) F (PY0) A exp (-E/RT). (20)

Equation (20) indicates that, given a solution of the detailed chemistry
model (q), a set of constants Q, A, and E may be found for which the one
reaction model most closely follows the detailed model.

IV. DERIVING THE ONE REACTION MODEL PARAMETERS

In this section we derive expressions for the one reaction model such
that Eq. (21)) can he used for finding the kinetic parameters, given a heat
release profile q from the detailed chemistry model.

14



Equation (20) expresses q as a function of T, YF' YO, and Yp, since

P . 2(21)
RaT (YFMF + Y /M + Y /M ).oo p p

However, it is inconsistent to use the values of YF' Y0 , and Y from the
detailed chemistry model. In the detailed model, there are otfer species, so
that YF + Y + Y * 1. In the simplified model, by assumption there are no
other species. P

Consequently, we make an additional assumption that all the Lewis numbers

are one; that is,

p D. c

L im p (22)Le -

for fuel, oxidizer, and product. For all except the light species, this is a
good approximation. Eqs. (1) and (2) caii be written

d (k dT dT
d- (X iT) -cm = QRFMF=-q (23)

andi

d X dYF dYF
dx (c dx mo dx = - RFMF (24)

p

The equation in terms of (-ce T/Q) and YF are formally identical. Also
matching boundary conditions, we obtain

YF - YFb = cp (T b - T)/Q. (25)

So given T, YF can be computed, and also Yo and Y since the stoichiometric
coefficients are known for the overall reaction, Eq. (9).

The heat release can now be viewed as a function only of T. Moreover,
the one reaction model simplifies to the single Eq. (23).

15



The heat of react ion Q call be computed from Eq. (14) , sinrce the

cot ha I pi es are known quant i t I eS.112 Q may alIso be rompu rted f rom Eq .( 1 8
The ad i abat I c o r ho riled t empe ratu re anid t he ml xt u re spec itf I c heat f cpian be
e'omput ed f rom t lie rmodyriani c cons I de rat I ons .Since the one react ion if) the
simp lifieod model iIs assumed i rrevyers ible Ic Fb (call hb' compu ted knowitig Y~u andit

Yt ,So allI the quiant it ies onl thle r Ighlt s ide of E-q . ( 18) are k nown.

Hloweve r, Eqs. ( 14) and (18) are inconsistent. liii s occurs because the
wo modelIs have diff e rent ad iabat ic species coilcenotrat ions . In part icula r,

intk jte rmed iat es and radijcalis will still exi st at tile hu rned cond it iotils
And, s hi e the react ions are reve rs ile, combnis t on may be inmcomplIete. Ini
order to preserve the proper adiabatic temperaiture, Eq. (18) will he used to
Comtpuite Q

What reina ins is to finld "blest fit" vaii me-s of A anid F in

kl/1 (y F(PY ) 1= A exp (-F/RT).

There '. ,Iti he a dift i ciiity here. The exp ressiton onl the right will he
mnilton icaly inresinrg for pos it ive A ind F. Fur thle caises considered, thet
-'p ress ion on the left nornuilIly reaches a peak somewhere past thle q peak and

010en decr0I,ies . We then~ Only fit the ex~pression upi toi the peak. Tht-; means
he post flame regi on will not be wel 1 resolIved . H-owtvi'r , t iris reg i on

p rinhablv will not he well resolIved by any one react ion modelI The import anmt
rea',ct tifS ii tlhi - regioii are rad ical recomb inations, arid radicals art- igniored
by tho~ simplified model. Thle fit ism 1 1 e ustig ain absolute error criterion
with proper transformit ion oif weights.

IIiiiiig thle fitted values of A and E to solve Eq. (23), we must be
conce rned with the cold boundary difCficulIty . That is, from Eq . (20) , heait is
generated at any t empe at nrc, inc hid ing the temperature of the unbuirmed
iniXt tre TU0 . ivenr enough time, thle mi xtutre wil s 5pottaneousl1y combuis t. IIi
con t rad io:ts ou r i dea I Izat ionl o f an i nf in it e utireac t ing co I imi o f gais w i t )i thle
f lame C runt propaga t i ng th rough theC Mii Xt Lire . InI rract ice, we will numt' r ica I I v
inmteilrate over a finite interval . As lonig as tile heat release at T is sina I I
tlie heait gene rated bef ore thle gas encouint ers the f lame f ront witI I be
negl igible . This i,, true for most of thle cases studied in this paper.
11loever, for *i few cases the hevat re lease is toio large at T u, and thle cold
hutrimdary coindi tions will be distorted.

,' 4 rr' ter? P1i Io -NJ Pt!o/r 'T, f-1p, 1 1r '~ r.r , T Pi 1, qr
4  

t I ' Vo':.' t

*,Vol. 9, pp. 71707-100"), 1'?



To avoid this, we utilize the concept of an ignition temperature. 14  For

T < Tu + 10 K, the heat release q is set to zero. For T > Tu + 10 K, Eq. (20)
is used. That is, the gas cannot ignite until it reaches the ignition

temperature Tu + 10. This circumvents the cold boundary difficulty, while

having little effect on the rest of the flame.

So far we have assumed that v and v° are known. It is also possible to
make a 3 parameter fit, where vF Ys a new parameter to he chosen and the
relation between vF and v is determined by the overall stoichiometry. Then
the quantity VF + v is the overall order of the reaction. We will also

discuss this type o? fit.

There are several differences between the above procedure and that

recommended by Westbrook and Dryer. 4 The primary distinction is that

Westhrook and Dryer fit flames speeds, while we fit the heat release.

Correctly fitting the thermal structure will lead to the proper flame speed;
the converse is not true. Also, the Westbrook and Dryer model leads to an
incorrect adiabatic temperature; since we are interested in the thermal

structure, our procedure has been developed so as to reproduce the proper

adiabatic temperature. Since we assume unit Lewis numbers, our global model
reduces to only the temperature equation, while the Westbrook and Dryer model

includes equations for the reactants and products. Also, in the Westbook and

Dryer model, a single set of parameters is selected which fit a range of

stoichiometries. As we shall see, our parameters will vary with

stoichiometry, reflecting the changes in thermal structure due to different

initial conditions.

V. FLAMES TO BE CONSIDERED

To increase the generality of our conclusions, we will consider three

different types of flames.

The simplest flame mechanism is that of an ozone decomposition flame. 1 5

There are three reactions, only two of which are important in the pre-flame

and flame region:

03 + M+ 0 + 0 + M
3 +- 2

0 + 0 + 0 + 0.
3 + 2 2

in the post flame region the radical recombination reaction

0 + 0 + M 0 + 02.

becomes important.

1 4 F.A. Williams, Combustion Theory, Addison-Wesley, Reading, MA, 1965.

1 5 .M. Heimerl and T.P. Coffee, "The Detailed Modeling of Premixed, Laminar

Steady-State Flames. I. Ozone," Combustion and Flame, Vol. 39, pp. 301-315,

1980.
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A more complicated case is hydrogen/air flames. The mechanism used is
due to Dixon-Lewis, 16 and consists of 8 species and 17 reversible reactions.

Last, we consider methane/air flames. The mechanism used is obtained
from Dixon-Lewis, 17 and consists of 14 species and 34 reactions. The
hydrogen/air scheme is a subset of this mechanism. While the mechanism is
intended for lean and slightly rich flames, we will also use It for rich
flames in order to obtain our comparisons.

All flames are computed for atmospheric pressure. For the ozone flames,
the initial temperature of tile gas is 300K. For the other flames, the initial
temperature is 298K. The overall reactions for these mechanisms are taken to
be

0 , 0 1.5 02,

2 H2 + 0 2 2 H 20

alnd (C 4 + 2 o 2 C2 + 2 H? 0.

First, we consider the feasibility of the overall reaction fit. To do
this, consider taking the logarithm of Eq. (26); that is,

V V

kn q/O (i) YF) F (y = £n(A) - E/RT, (27)

and graphing both sides as a function of I/T. The right side is the equat ion
of a straight line. Tile shape of the left side, where q is the heat re lease
for the detailed chemistry model, gives a quick impression of the adequacy ot
a single Arrhenius type reaction.

Figure I gives these graphs for a 50% Ozone flame (oxygen diluent), a
rich H/air flame (40% H), and a stoichiometric CH4/air flame (9.5 7 Ci4 ).
The activation energies of the least square fits to q are, respectively, 7.9
kcal, 6.4 kcal, and 29.1 kcal.

All three graphs display a high activation energy (that is, a steep
slope) near the cold boundary. The Arrhenius fits cannot resolve this,
necessitating the concept of an ignition temperature.

Next, there is a long region where the slope gradually increases. For
the 03 and 112 flames, this increase is very gradual, and the Arrhenius fit is

16,. Pixon-Lewis, "Kinetic ?kchanism Structure and Properties of Premixel
Flames in Iydrogen-Oxygen-Nitrogen Mixtures " Proc. R. Soc. Lond. A,
Vol. 292, pp. 45-99, 1979.

1 7G. Pixon-Levis, "Aspects of the Kinetic Modeling of Wthane Oxidation in
Flames," First Specialists Meeting (International) of the Combustion
Institute, Vol. 1, pp. 284-289, 1981.
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quite good over most of tile temperature range. The Clt 4 flame exhibits a more
complicated structure, but there is still a fairly large region near the peak

heat release where the Arrhenius fit is quite good.

Finally, there is a post-flame region, where the slope changes sign. An
Arrhenius fit cannot resolve this.

The results for the methane/air heat release profile agree qual [titively
with those of Levy and Weinberg for an ethylene/air flame. The activation

energy (or slope) increases with increasing temperature. Since our single
reaction parameters are generated by a least squares fit with an absolute
error criterion, 1 3 the fit is most accurate in the region of maximum heat
release, which Levy and Weinberg found most Influential to the burning rate.
It is of interest to learn how accurately these same parameters reproduce the
thermal structure as well.

VI. TEMPERATURE AND SPIFCIWS PROFILES

In this section we will compare the profiles generated by the detailed
chemistry model with those generated by the single reaction model. The same
three examples considered in the last section will he used.

Figures 2, 3, and 4 show the heat release and temperature profiles for
our three examples. The heat release profiles from the overall reaction are
reasonable. However, the CH4 /air profile is especially inaccurate for the
early part of the flame, as expected from considering Figure I. Nevertheless,
all three temperature profiles are quite accurate through the flame front. In
the post-flame region, the detailed model shows a slow temperature rise, due
to the recombination of radicals. The overall reaction model, which ignores
radicals, rapidly approaches the adiabatic temperature. Consequently, the
single reaction model is somewhat inaccurate in the post-flame region.

Since we have assummed unit Lewis number in the overall reaction model,
species profiles can also be derived. Figure 5 shows the comparisons for the
ozone flame. The agreement is quite good. The errors are primarily due to
the neglect of the 0 profile, rather than the unit Lewis number assumption.
The agreement becomes better for slower flames (less 0), and not quite as good
for faster flames (more 0). For the hydrogen/air flame, the mole fractions,
as shown in Figure 6, are not in good agreement. In the detailed model, there

are large radical concentrations in the flame front. These lead to rapid
consumption of the H9 and 02 through the chain branching rEactions. The one
reaction model, which has a low activation energy, cannot match this. For a
slower flame (either richer or leaner), the agreement is much better.

Figure 7 shows the major species profiles for the C14 /air flame. The

main errors in the species profiles for a CH4 /air flame are due not to
radicals, which have small concentrations in all cases, but to
intermediates. The overall reaction model assumes that the only species are
CH , 02, Co2, and H2 0. There are several intermediate species, of which l{1

and 0) are the most important, and except for lean flames, the equilibrium'

products include substantial amounts of I12 and CO. This causes the CO,, and
H20 profiles from the one reaction model to approach Incorrect values. The
profile agreement is better for lean flames and not quite as good for rich
flames.
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Overall, tie species profiles are reasonable, considering the
simplification in the one reaction model.

V II . FLAME SI'EEIDS

In this section we will consider more closely the parameters generated hy
the overal I reaction fits, as wel I as comparing flame speeds. In order to
discern possible patterns, many initi al stoichiomotries are considered for
eich of the three flames.

The parameters for a set of ozone t lames are given in Table I. The
activation energies derived are between those of reaction 1 (22.2 kcal) and
reaction 2 (4.- kcal). The slower and cooler the flame (that is, the smaller
tie initial 01 concentration), the higher the overall activation energy. This
Cin he explained by studving the detai led model. For a slower flame, only
small amounts of 0 are produced. Tile 0 that is created rea c ts almost
imiediately via reaction 2. So reaction I is close to a rate limitigl, step,
and the overall reaction has a similar activation energy. For a fast flame,
large amounts of 0 are produced, which diffuses ahead of the flame. The flame
propagation is determined to a large extent by the low activation energy
reaction 2. This is reflected in the fitted values of E. Table 2 compares
the flame speeds from the detailed chemistry model (SD) and the overall
reaction model (S 0 ). The percentage error in the one reaction model is
defined as 100 (S O - SD)/S[. The agreement in flame speeds is excellent.

Tables 3 and 4 show the corresponding results for a set of hydrogen/air
flames. Here, the overall activation energies also decrease for hotter and
faster flames, for reasons similar to those discussed for tle ozone case. For
a slow flame, only small amounts of the radical species (H, OH, 0, HO.) are
produced . The chain branching reactions (H + 0 2 +OH + 0 and 0 + it. L (OH +
11), which have relatively high activation energies, tend to be rate
limiting. For a fast, hot flame, large amounts of radicals are created. The
flame propagation Is to a large extent determined by low activation energy
reactions (OH + 112 * H20o + II).

Results for methane/air flames are given in Tables 5 and 0. As before,
the overall activation energies increase for slower flameq. All of these
activation energies are relatively high, higher than for any of the reactions
in the detailed mechanism. The detailed model assumes a sequence of reactions
(CO 4  CH * CH 0 * CHO + CO * Co 2 ) . In fitting this by a one reaction
model, a high activation energy seems to best fit the overall rate of the
sequence ,
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TABLE I. ONE REACTION MODEL PARAMETERS FOR OZONE/OXYGEN FILAMES.*

%03 Cp Tb Q A

20 .244 1094 710 732E .* .44E,8 15.3

25 .248 1256 71(0 7.20E-8 5.101E7 12.8

I) .259 1943 709 6.86E-8 1 . 39E7 7.9

75 .265 2425 689 6.71E-8 1.33E7 6.5

100 .269 2702 646 6.63E-8 1 .59E7 6.11

U llits are in list of symbols

•* 7.32E-8 is read as 7.32 x 1i 8

TABLE 2. A COMPARISON OF FLAME SPEEDS FOR THE I)ETAILEI)

CHEMISTRY MODEL AND TrHE ONE REACTION MODEL FOR
OZONE/OXYGEN FLAMES.

Z 03 SD  S0 % Error

20 33.1 34.1 3

25 61.5 64.1 4

50 241.6 253.7 5

75 391.1 409.2 5
100 496.8 517.S 4

TABLE 3. ONE REACTION MODEL PARAMETERS FOR HYDROGEN/AIR FLAMFS.

H C Tb P A E

15 .297 1473 28890 6.63E-8 I.58E17 15.2

20 .319 1835 28803 6.60E-8 1.48E16 9.6
3o .367 2398 27264 6.72E-8 5.51EI5 7.2

40 .416 2214 2861)4 7.32E-8 2.06E15 6.4

50 .479 1939 28827 7.65E-8 9.61F14 6.3

60 .567 1642 28890 7.66E-8 4.84E14 6.6

70 .703 1329 28898 7.32E-8 3.47E14 8.3

75 .803 1166 28890 7.0IE-8 7.60E14 I 1.6
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TABLE 4. A COMPARISON OF FLAME SPEEDS FOR THE DETAILED CHEMISTRY
MODEL AND THE ONE REACTION MODEL FOR HYDROGEN/AIR FLAMES.

% H2  S D  So  % ERROR

15 33.6 32.9 -2
20 100.5 89.1 -11
30 217.9 203.8 -7
40 280.6 270.5 -4
50 251.9 251.9 -0
60 178.0 182.4 3
70 82.4 84.6 3
75 35.5 36.3 2

TABLE S. ONE REACTION MODEL PARAMETERS FOR METHANE/AIR FLAMES.

CH 4  c p Tb Q A F

6.5 .300 1778 11960 5.72E-8 3.37E18 35.1
7.5 .308 1960 11908 5.66E-8 8.15E17 30.1

8.5 .316 2121 11768 5.62E-8 5.36E17 28.1
9.5 .123 2231 11355 5.61E-8 1.01E18 29.1

10.5 .327 2202 11396 5.68E-8 9.15E17 29.0
11.5 .330 2107 10002 5.80E-8 1.86E18 31.1

12.5 .334 2009 10582 5.94E-8 3.62E18 33.8

13.5 .337 1914 10164 6.IOE-8 4.IOEI8 35.6

TABLE 6. A COMPARISON OF FLAME SPEEDS FOR THE DETAILEl) CHEMISTRY
MODEL AND THE ONE REACTION MODEL FOR METHANE/AIR FLAMES

% CH4  S D  S0 % ERROR

6.5 16.0 18.4 15
7.5 25.3 27.7 9
8.5 33.8 34.6 2

9.5 39.8 38.4 -4
10.5 43.9 40.8 -7
11.5 42.6 38.2 -10

12.5 34.2 30.1 -12
13.5 23.5 20.6 -12
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In summary, an overall reaction model appears to he a quite accurate
representation of a wide variety of flames and stoichiometries. The
act ivat ion energies generated are relatively low compared to the rit', often

assumed for overall reactions. The overall reaction normally does not
correlate with any single reaction in the detailed model, and is a tunet ion ot

stoichiometry as well as the detailed kinetics.

lip to this point we have arbitrarily chosen tile order v F + V(1 Iot
ozone, 3 for hydrogen/air and methane/air), based on the assumed overal I
reactions. Some results were computed with different choices tor the order
but with the ratio V F/v constant. The consistent resuilt was that as the
order increases, the fitting parameters A and E also increased. However, the-
accuracy of the fit was almost indeptindent of the order assumed.

Also, a number of three parameter fits were made, where v A, and F wete

all determined by a least squares fit. The order so determilex varied
substantially with stoichiometry. The accuracy of the three parameter tit was
only a slight Improvement over the two parameter fit, and for a few cases it

was less accurate.

Thus, over a large interval, the order can he arbitrarily chosen without
affecting the accuracy of the overall reaction fit. An increase in the order
also increases the parameters A and E. Preliminary work, however, indicates
that the reaction order is not arbitrary if the same kinetics are applied to

different pressures.

VII I . CONCLUIS IONS

The aim of this work has been to explore the applicability ot the overall

reaction rate concept to premixed laminar flames with complex chemistry. The

results demonstrate the ability of a single reaction formalism, having a rate
constant of simple Arrhenius form, to track the temperature, heat release, and

to some extent, species profiles obtained from multireaction network

calculations. A straightforward method using a least squares fitting

procedure is presented which extracts the kinetic parameters directly from tile
heat release profile as a function of temperature. These global kinetic
parameters are then tested for their ability to reproduce the overall features
of the complex reaction network, thereby allowing a quantitative assessment to

be made of their utilization as a contracted representation for the

thermochemistry of a multicomponent flame. We believe our approach is tile
first attempt to derive overall reaction rates systematically by using the
.complete" information obtainable from a detailed laminar flame model. This

differs significantly from previous methods which were tailored to extract
kinetic parameters from a very limited amount of experimental data.

Consequently, the results obtained from this study indicate the exact extent
to which our global reaction model is capable of condensing a complex reaction
network to a single overall reaction.

One can organize the findings into several echelons of detail. The

first, and most detailed, involves how well a single formal reaction can mimic
tile net rate of heat release (due to the multireaction network) as a function

of position in the flame. A related issue is the determination of the overall

reaction parameters which best represent this heat release profile. At an

iitermedlate level of detail a comparison can be made between the temperature
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and reactant profiles as computed by the multireaction code and those
predicted by the overall reaction. Finally, one can compare the flame speed
predicted by the overall reaction model with the multireaction code value.

The levels of decreasing detail correspond to increasing degrees of
integration over the underlying reaction processes. One might expect,
therefore, that the flame speed would be less sensitive than the temperature
profile to imperfect fidelity in the overall reaction rate profile. This
expectation is generally borne out by the results. Calculation of flame spee'd
with the overall reaction is accurate for all flames to about 15% at worst and
frequently in the 5% range. Accuracy of the temperature profiles computed
using the overall reaction is generally good and is limited primarily by our
requiring that the proper adiabatic temperature he achieved. Attainment of
this complete heat release is often considerably delayed due to slow radical
recombination in the late stages of the flame. The fidelity with which the
,net heat release rate can be approximated by a single reaction varies somewhat
with the flame identity. The ozone and H2 /air representation is quite
credible over a very wide temperature range, whereas for the 014 /air the range
is rather narrow.

Another finding of this study is that the kinetic parameters of the
overall reaction do not correlate with any single reaction step of the complex
kinetics. Furthermore, the values of these parameters change with
stoichiometry. The use of a single set of kinetic parameters to represent a
number of different stoichiometries will lead to further compromises in the
thermal structure description. We have not examined this trade-off
exhaustively, but our feeling is that one would be better advised to treat the
overall reaction parameters as functions of stoichiometry.

Preliminary work suggests that the overall reaction concept retains
accuracy over a wide range of pressures and initial temperatures. The
effective values of the kinetics constants vary only slightly with changes in
the initial temperature; variation with pressure is slight for some flames and
large for others. These considerations will be addressed in a subsequent
paper.

We have shown that an overall reaction model can quite accurately
reproduce many of the features of a detailed chemistry model for laminar
flames, despite the vast simplification involved. The extent to which the
overall reaction parameters determined from this problem can be applied to
other flow conditions remains an important question for future study.
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LIST OF SYMBOLS

A = lumped parameter, centimeter-gram-second units.

Ci  concentration of species j, mole-cm- 3 .

Cp = specific heat of the mixture, cal-g-l-K- 1

Dim = diffussion coefficient of species i in the mixture,
cm2-s- I .

E = activation energy, kcal-mole - 1

hi = specific enthalpy of species i, cal-g
- 1 .

k = rate coefficient in centimeter-mole-second units.

m° = mass flux, g-cm 2 -s - .

Mi = molecular weight of species i, g-mole - 1 .

p = pressure, atm.

( = heat release per unit volume, cal-cm- 3-s- l .

Q = heat of reaction per unit mass of fuel, cal-g - l

R = gas constant = 1.9872E-3 kcal-mole-l-K - 1 .

Ra = gas constant = 82.05 cm3-atm-mole-l-K -1 .

Ri = rate of production of species i, mole-cm- 3 -s - l .

S = velocity of the flame relative to the unburned mixture,-1
cm-s

T = temperature, K.

-1
v = fluid velocity, cm-s

x = spatial coordinate, cm.

Yi = mass fraction of species i.

A = thermal conductivity of the mixture, cal-cm-l-s-l-K-1•

p = density of the mixture, g-cm-3o

v = stoichiometric coefficient.

35

po Kg



DISTRIBUTION LIST

No. Of No. Of

Copies Organization Copies Organization

12 Administrator 4 Commander
Defense Technical Info Center US Army Research Office
ATTN: DTIC-DDA ATTN: R. Girardelli
Cameron Station D. Mann
Alexandria, VA 22314 R. Singleton

D. Squire
Commander Research Triangle Park, NC

USA DARCOM 27709
ATTN: DRCDMD-ST
5001 :isenhower Avenue I Commander

Alexandria, VA 22333 USA Communications Research
and Development Command

Commander ATTN: DRSEL-ATDD
USA ARRADCOM Fort Monmouth, NJ 07703

ATTN: DRDAR-TDC
I). Cyorog I Commander

Dover, NJ 07801 USA Electronics Research and

Development Command
2 Commander Technical Support Activity

USA ARRADCOM ATTN: DELSD-L

ATTN: DRDAR-TSS Fort Monmouth, NJ 07703
Dover, NJ 07801

2 Commander
Commander USA ARRADCOM
USA ARRCOM ATTN: DRDAR-LCA-G,
ATTN: DRSAR-LEP-L D.S. Downs

Rock Island, IL 61299 J.A. Lannon

Dover, NJ 07801
Director
USA ARRADCOM 1 Commander
Benet Weapons Laboratory USA ARRADCOM
ATTN: DRDAR-LCB-TL ATTN: DRDAR-LC, L. Harris

Watervliet, NY 12J%9 Dover, NJ 07801

Commander I Commander
USA Aviation Research and USA ARRADCOM

Development Command ATTN: DRDAR-SCA-T,

ATTN: DRDAV-E L. Stiefel
4300 Goodfellow Blvd. Dover, NJ 07801
St. Louis, MO 63120

I Commander
Director USA Missile Command
USA Air Mobility Research and ATTN: DRSMI-R

Development Laboratory Redstone Arsenal, AL 35898
Ames Research Center
Moffett Field, CA 94035 1 Commander

USA Missile Command
ATTN: DRSMI-YDL
Redstone Arsenal, AL 35898

37

kkZQDJIGP"G SLAl-moT FIU)



DISTRIBUTION LIST

No. Of No. Of

Copies Organization copies Organization

Commander I Commander

IJSA Missile Command Naval Surface Weapons Center

ATTN: DRSMI-RK, D.J.. Ifshin ATTN: J.L. East, Jr., G-20

Redstone Arsenal, AL 35898 Dahlgren, VA 22448

Commander I Commander

USA Tank Automotive Naval Surface Weapons Center

Command ATTN: G.B. Wilmot, R-16

ATTN: DRSTA-TSL Silver Spring, MD 20910

Warren, MI 48090
4 Commander

Director Naval Weapons Center

USA TRADOC Systems Analysis ATTN: R.L. Derr, Code 389

Activity China Lake, CA 93555

ATTN: ATAA-SL

WSMR, NM 88002 i Commander
Naval Weapons Center

Commandant ATTN: T. Boggs Code 3891

US Army Infantry School China Lake, CA 93555

ATTN: ATSH-CD-CSO-OR
Fort Benning, FA 31905 Commander

Naval Research Laboratory
Office of Naval Research Washington, DC

i)epartment of the Navy 20375

ATTN: R.S. Miller, Code 432

800 N. Quincy Street

Arlington, VA 22217

Navy Strategic Systems Commanding Officer

Project Office Naval Underwater Systems

ATTN: R.D. Kinert, SP 2731 Center Weapons Dept.

Washington, DC 20376 ATTN: R.S. Lazar/Code 36301

Newport, RI 02840
Commander

Naval Air Systems Command Superintendent

ATTN: J. Ramnarace, Naval Postgraduate School

AIR-54111C Dept. of Aeronautics

Washington, DC 20360 ATTN: D.W. Netzer

Monterey, CA 93940

3 Commanding Officer

Naval Ordnance Station 6 AFRPL (DRSC)

ATTN: C. Irish ATTN: R. Ceisler

S. Mitchell D. George
P.L. Stang, Code 515 B. Coshgarian

Indian Head, MD 20640 J. Levine
W. Roe
U. Weaver

Edwards AFB, CA 93523

38

. . . .A -
n



DISTRIBUTION LIST

No. Of No. Of

copies Organization fopies Organization

AFATL/DLDL I AVCCO Corporation
ATTN: O.K. Heiney AVCO Everett Rsch. Lab.
Eglin AFB, FL 32542 ATTN: 1. Stickler

2385 Revere Beach Parkway
AFOSR Everett, MA 02149

ATTN" L.H. Caveny
Boiling Air Force Base I Battelle-Columbus Labs
Washington, DC 20332 Tactical Technology Center

ATTN: .1. Huggins
AFWL/SUL 505 King Avenue
Kirtland AFB, NM 87117 Columbus, OH 43201

NASA 2 Exxon Research & Engineering

Langley Research Center ATTN: A. Dean
ATTN: G.B. Northam/MS 168 M. Ctou
Hampton, VA 23365 P.O. Box 45

Linden, NJ 0703()

4 National Bureau of Standards

ATTN: J. "astie I Ford Aerospace and
M. Jacox Communications Corp.
T. Kashiwagi DIVAD Division
H. Semerjian Div. Hq., Irvine

W'ashington, DC 20234 ATTN: D. Williams
Main Street & Ford Road

Newport Beach, CA 92663

Aerojet Solid Propulsion Co. General Electric Armament
ATTN: P. Micheli & Electrical Systems
Sacramento, CA 95813 ATTN: M..f. Bulman

Lakeside Avenue
Applied Combustion Burlington, VT 05402
Technology, Inc.

ATTN: A.M. Varney General Electric Company
11. . BoY 17885 ATTN: M. Lapp
Orlando, FL 32860 Schenectady, NY 12301

2 Atlantic Research Corp. I General Electric Ordnance
ATTN: M.K. King Systems
5390 Cherokee Avenue ATTN: J. Mandzy
Alexandria, VA 22314 100 Plastics Avenue

Atlantic Research Corp. 
MAs i12,M

ATTN: R.H.W. Waesche I General Motors Rsch Labs
7511 Wellington Road Physics Department
Gainesville, VA 22065 ATTN: J.H. Bechtel

Warren, MI 48090

39



DISTRIBUTION LIST

No. Of No. Of

Copies Organization Copies Organization

3 Hercules, Inc. Science Applications, Inc.
Alleghany Ballistics Lab. ATTN: H. S. Pergament
ATTN: R.R. Miller 1100 State Road, Bldg. N
P.O. Box 210 Princeton, NJ 08540

Cumberland, MD 21501

1 Olin Corporation
3 Hercules, Inc. Smokeless Powder Operations

Bacchus Works ATTN: R.L. Cook
ATTN: K.P. McCarty P.O. Box 222

P.O. Box 98 St. Marks, FL 32355
Magna, UT 84044

1 Paul Gough Associates, Inc.
Hercules, Inc. ATTN: P.S. Gough
AFATL/DLDL 1048 South Street
ATTN: R.L. Simmons Portsmouth, NH 03801
Eglin AFB, FL 32542

2 Princeton Combustion
Honeywell, Inc. Research Laboratories
Defense Systems Division ATTN: M. Summerfield
ATTN: D.E. Broden/ N.A. Messina

MS MNSO-2000 475 US Highway One North
600 2nd Street NE Monmouth Junction, NJ 08852

Hopkins, MN 55343
1 Pulsepower Systems, Inc.

IBM Corporation ATTN: L.C. Elmore
ATTN: A.C. Tam 815 American Street
Research Division San Carlos, CA 94070

5600 Cottle Road
San Jose, CA 95193 1 Rockwell International Corp.

Director Rocketdyne Division
Lawrence Livermore Nat'I Lab ATTN: J.E. Flanagan/HB02
P.O. Box 808 6633 Canoga Avenue
ATTN: C. Westbrook Canoga Park, CA 91304
Livermore, CA 94550

2 Sandia National Laboratories
Lockheed Palo Alto Rsch Lab Combustion Sciences Dept.

ATTN: George L ATTN: R. Cattolica
3251 Hanover Street D. Stephenson
Dept. 52-35/B204/2 Livermore, CA 94550
Palo Alto, CA 94304

1 Science Applications, Inc.
Los Alamos National Lab ATTN: R.B. Edelman
ATTN: B. Nichols 9760 Owensworth Avenue

T7. MS-B284 Chatsworth, CA 91311
P.O. Box 1663
Los Alamos, NM 87545

40



DISTRIBUTION LIST

No. Of No. Of

Copies Organization Copies Organization

Science Applications, Inc. 2 United Technologies Corp.

ATTN: R. B. Edelman ATTN: R.S. Brown

9760 Owensworth Avenue R.O. McLaren

Chatsworth, CA 91311 P.O. Box 358
Sunnyvale, CA 9,1086

Space Sciences, Inc.
ATTN: M. Farber I Universal Propulsion Company
Monrovia, CA 91016 ATTN: H.J. McSpadden

Black Canyon Stage 1
4 SRI International Box 1140

ATTN: S. Barker Phoenix, AZ 85029
D. Crosley
D. Golden 1 Veritay Technology, Inc.

Tech Lib ATTN: E.B. Fisher
333 Ravenswood Avenue P.O. Box 22
Menlo Park, CA 94025 Bowmansville, NY 14026

Stevens Institute of Tech. I Brigham Young University
Davidson Laboratory Dept. of Chemical Engineering

ATTN: R. McAlevy, Ill ATTN: M.W. Beckstead
Hoboken, NJ 07030 Provo, UT 84601

Teledyne Mc'-urmack-Selph California Institute of Tech.
ATTN: C. Leveritt Jet Propulsion Laboratory

3601 Union Road 4800 Oak Grove Drive
Hollister, CA 95023 Pasadena, CA 91103

Thiokol Corporation
Elkton Division
ATTN: W.N. Brundige I California Institute of

P.O. Box 241 Technology
Elkton, MD 21921 ATTN: F.E.C. Culick/

MC 301-1 ,

3 Thiokol Corporation 204 Karman Lab.
Huntsville Division Pasadena, CA 91125
ATTN: D.A. Flanagan
Huntsville, AL 35807 1 University of California,

Berkeley
3 Thiokol Corporation Mechanical Engineering Dept.

Wasatch Division ATTN: J. Daily

ATTN: J.A. Peterson Berkeley, CA 94720
P.O. Box 524
Brigham City, UT 84302 1 University of California

Los Alamos National Lab.
United Technologies ATTN: T.D. Butler
ATTN: A.C. Eckbreth P.O. Box 1663, Mail Stop B216

East Hartford, CT 06108 Los Alamos, NM 87!4S

41



DISTRIBUTION LIST

No. Of No. Of
CoOes organization Copies Organizat ion

2 University of California, Hughes Aircraft Company
Santa Barbara ATTN: T.E. Ward

Quantum Institute 8433 Fallbrook Avenue
ATTN: K. Schofield Canoga Park, CA 913;)3

M. Steinberg

Santa Barbara, CA 9310b University of Illinois

Department of Mech iEng
University of Southern ATTN: H. Krier

California 'B,
,1E . 1206 WN Green St rect

Dept. of Chemistry Urbana, 11 61801

ATTN: S. Benson
Los Angeles, CA 9O007 I Johns Hopkins Universit'/Al!.

Chemical Propulsion

Case Western Reserve Univ. Information Agency
Div. of Aerospace Sciences ATTN: T.W. Christian

ATTN: J. Tien Johns Hopkins Road
Cleveland, OH 44135 Laurel, M) 20707

Cornell University University of Minnesota

Department of Chemistry Dept. of Mechanical

ATTN: E. Grant Engineering
Baker Laboratory ATTN: E. Fletcher
Ithaca, NY 14853 Minneapolis, MN 55455

Univ. of Dayton Rsch Inst. 4 Pennsylvania State University

ATTN: D. Campbell Applied Research Laboratory

AFRPL/PAP Stop 24 ATTN: G.M. Faeth
Edwards AFB, CA 93523 K.K. Kuo

H. Palmer

University of Florida M. Micci

Dept. of Chemistry University Park, PA loSt12
ATTN: J. Winefordner
Gainesville, FL 32b11 1 Polytechnic Institute of NY

ATTN: S. Lederman
I Georgia Institute of Route 110

Technology Farmingdale, NY 11735
School of Aerospace

Engineering 2 Princeton University
ATTN: E. Price Forrestal Campus Library

Atlanta, GA 30332 ATTN: K. Brezinsky
I. Glassman

2 Georgia Institute of P.O. Box 710

Technology .irweton, NJ 08540

School of Aerospace
Engineering Pr*, eton University

ATTN: W.C. Strahle MAE r'ep,.
B.T. Zinn ATTN: ).A. Williams

Atlanta, CA 30332 Princeton, NJ 08511

42



DISTRIBUTION LIST

No. ot No. Of
Cop)i es orga n iza t ioil Copies Orgai zat ion

2 Purdue University I Stanford Uiniversi ty
School ot Aeronautics D~ept . of Mechan ical

and Astronautics Eng ineer ing
ATTN: R. Glick ATTN: R. Hailson

A .R. Osborn Stanf ord , CA 9-151"s
Grissom Hall
West Uaaette, IN 47907 2 University of Texas

Dept. of Ciemistry
Purduev University ATTN: W. Gardiner
schlool ot Mc haliiical H. Schac fcr

Engin- wring Austin, TX 78712
ATTN : N.M. Latirendeaul

S.N.B. Murthy I University of Utah
1). Sweeney Dept. of Chemi cal Engineering

'rspc Chiaffee Hall ATTN: G. Flandro
West Lfavette, IN 47906 Salt Lake City, UIT 84112

I Rensse laer P'olIytechnic Inst. I Virginia Pol1ytechni c
Dept . of Chiemical Engineering Inst itute M~d
ATlTN : A. Font ijn State University
Troy, NY 12181 ATTN: J.A. Schetz

Blacksburg, VA 24%]1
- Southwest Research Inst itute

ATTN : Robert E. 10hjte Aberdeen Proving Ground
A.B. Wenzel

> ari Antonio, TX 78228 Dir, USAMSAA
ATTN: DRXSY-l)

PRXSY-MP, HI. Cohen
Cdr, UISATKCOM

ATTN: PRSTK-TO- F
lDir, IISACSL, Bldg. E351h, FA

ATTN: DRPAR-CIB-PA
PR P)AR- CLN
l)RPAR- CU.-I1,

43



USER LVALUATION OF RE:PORT

pIlUisc take a t'e%, minutes to ans;wer the questions )el0-:: tear ()ut
this sheet, fold as indicated , staple or ta1pe closed, almd pl:lct'
in the ma il. Your' comments hill provide us with information for
mp ro Vi nm, tut nre report s

1. BRL Report Number_

2. Does this report satisfy a need? (Comment on purpose, related
project, or other area of interest for which report will be used.)

3. Hlow, specifically, is the report being used? (Information
source, design data or procedure, management procedure, source of
ideas, etc.)

4. Has the information in this report led to an), quantitative
savings as far as man-hours/contract dollars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

5. General Comments (Indicate what you think should be changed to
make this report and future reports of this type more responsive
to your needs, more usable, improve readability, etc.)

6. If you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the following information.

Name:

Telephone Number:

Organization Address:



F0 1 -1) 111:1 -

Director
US Army Ballistic Research Laboratory NO POSTAGE

NECESSARY
ATTN: DRSM.C-BLA-S (A) IF MAILED
Aberdeen Proving Ground, MD 21005 IN THE

UNITED STATES

OFFICIAL BUSINESS I U I ESR PYM I
PENALTY FOR PRIVATE USE. BUSINESS REPLY MAIL

FIRST CLASS PERMIT NO 12062 WASHINGTON,OC 1

POSTAGE WILL BE PAID By DEPARTMENT OF THE ARMY

Director
US Army Ballistic Research Laboratory
ATTN: DR SMC-BLA-S (A)
Aberdeen Proving Ground, MD 21005

FOLD Hl-RE


